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https://doi.org/10.1016/j.celrep.2021.110125SUMMARYPlants tailor immune responses to defend against pathogens with different lifestyles. In this process, antag-
onism between the immune hormones salicylic acid (SA) and jasmonic acid (JA) optimizes transcriptional sig-
natures specifically to the attacker encountered. Antagonism is controlled by the transcription cofactor
NPR1. The indispensable role of NPR1 in activating SA-responsive genes is well understood, but how it func-
tions as a repressor of JA-responsive genes remains unclear. Here, we demonstrate that SA-inducedNPR1 is
recruited to JA-responsive promoter regions that are co-occupied by a JA-induced transcription complex
consisting of the MYC2 activator and MED25 Mediator subunit. In the presence of SA, NPR1 physically as-
sociates with JA-induced MYC2 and inhibits transcriptional activation by disrupting its interaction with
MED25. Importantly, NPR1-mediated inhibition of MYC2 is a major immune mechanism for suppressing
pathogen virulence. Thus, NPR1 orchestrates the immune transcriptome not only by activating SA-respon-
sive genes but also by acting as a corepressor of JA-responsive MYC2.INTRODUCTION
Plants have developed sophisticated innate immune responses
similar to those found in insects and humans as well as plant-
specific immune systems (Spoel and Dong, 2012). Upon infec-
tion with biotrophic pathogens that feed on living host cells,
intracellular immune receptors directly or indirectly recognize
pathogen-secreted effector proteins to trigger the hypersensi-
tive response, which includes a form of programmed cell death,
oxidative burst, and callose deposition, to sequester pathogens
at the site of infection (Dangl and Jones, 2001; Dodds and Rath-
jen, 2010; Jones and Dangl, 2006). Furthermore, the infected
tissues produce systemic signals, such as methyl salicylic
acid, azelaic acid, a lipid transfer protein, and pipecolic acid
(Hartmann et al., 2018; Jung et al., 2009; Maldonado et al.,
2002; Park et al., 2007), that initiate distal accumulation of the
immune hormone salicylic acid (SA). SA induces transcriptional
reprogramming, including expression of antimicrobial patho-C
This is an open access article under the CC BY-Ngenesis-related (PR) genes, inhibiting pathogen growth and
spread. This immune response is known as systemic acquired
resistance (SAR) and has been demonstrated to provide long-
lasting and broad-spectrum resistance to biotrophs (Fu and
Dong, 2013).
Perception of SA is mediated by a nuclear receptor complex
that contains the transcriptional coactivator NONEXPRESSOR
OF PR GENES 1 (NPR1) (Cao et al., 1997; Fu et al., 2012; Man-
ohar et al., 2015; Wu et al., 2012). The NPR1 coactivator directly
interacts with members of the TGACG-binding factor (TGA) fam-
ily of basic leucine zipper (bZIP) transcription factors to activate
expression of myriad immune genes, including PR genes (Saleh
et al., 2015; Spoel and Dong, 2012; Tada et al., 2008). SA regu-
lates recruitment of NPR1 to its paralogs NPR3 and NPR4, which
function as substrate adaptors for a Cullin3-RING ubiquitin
ligase (CRL3NPR3/4), resulting in ubiquitin-mediated control of
NPR1 transcriptional activity (Fu et al., 2012; Skelly et al.,




OPEN ACCESSresults in SA insensitivity, failure to reprogram gene transcription
upon pathogen attack, and extreme susceptibility to biotrophs
(Wang et al., 2006).
In addition to defenses against biotrophs, plants have devel-
oped different immune responses against necrotrophic patho-
gens that kill host cells before feeding. Necrotrophic pathogen
attack leads to rapid accumulation of jasmonic acid (JA), which
is perceived through a nuclear receptor complex consisting of
the F-box protein CORONATINE INSENSITIVE 1 (COI1) and
members of the JASMONATE ZIM DOMAIN (JAZ) family of tran-
scriptional cofactors (Chini et al., 2007; Katsir et al., 2008;
Sheard et al., 2010; Thines et al., 2007; Yan et al., 2007). In the
absence of JA, JAZ cofactors competitively inhibit transcription
activators of JA-responsive genes, including the basic-helix-
loop-helix (bHLH) transcription factors MYC2, MYC3, and
MYC4, by preventing their interaction with the MED25 subunit
of the Mediator complex (Fernández-Calvo et al., 2011; Zhang
et al., 2015). COI1 is part of a Skp-Cullin-F-box ubiquitin ligase
(SCFCOI1) that upon binding of biologically active JA, recruits
JAZ cofactors, leading to their polyubiquitination and subse-
quent proteasome-mediated degradation (Chini et al., 2007; De-
voto et al., 2002; Xu et al., 2002). This allows MYC activators to
form a transactivation complex by direct association with
MED25, which recruits histone acetyltransferase1 (HAC1) and
the RNA polymerase II general transcription machinery (An
et al., 2017; Zhai et al., 2020). Failure to degrade JAZ cofactors
in coi1 mutants results in JA insensitivity and increased suscep-
tibility to attack by necrotrophs (Howe and Jander, 2008; Xie
et al., 1998). Similarly, jai3-1 mutants and transgenic 35S:JAI3-
DC plants, which produce a truncated form of JAZ3 protein
resistant to SCFCOI1-mediated degradation, also exhibit JA
insensitivity (Chini et al., 2007).
Antagonism between SA and JA signaling has been reported
extensively and allows plants to fine-tune immune responses ac-
cording to the attacker encountered. For example, the biotrophic
pathogen Pseudomonas syringae pv. tomato (Pst) employs a
virulence strategy that involves production of the toxin corona-
tine (COR), a mimic of biologically active JA that functions as a
suppressor of SA-mediated defenses (Bender et al., 1999;
Brooks et al., 2005; Geng et al., 2014). To counter this effect,
plants have evolved mechanisms to block COR-induced JA
signaling and prevent associated disease susceptibility (Howe
et al., 2018). In Arabidopsis, SA-induced NPR1 not only initiates
SA-responsive gene expression but also functions as a potent
suppressor of JA-responsive gene expression (Caarls et al.,
2015; Pieterse et al., 2009; Spoel et al., 2003). Consequently,
upon infection with Pst, mutant npr1 plants display impaired
SA-responsive transcriptional reprogramming but enhanced
JA-responsive gene expression. Moreover, NPR1 spatially regu-
lates antagonism between SA and JA signals when derived from
concomitant infections by biotrophs and necrotrophs, maxi-
mizing the plant’s ability to defend against multiple attackers
(Spoel et al., 2007). Nonetheless, little is known about the molec-
ular mechanisms by which NPR1 functions as a negative regu-
lator of JA-responsive genes.
Here we determined the genome-wide distribution of SA-
inducedNPR1anddemonstrate that it associateswith JA-respon-
sive promoters. When SA signaling is activated, chromatin2 Cell Reports 37, 110125, December 14, 2021occupancy of NPR1 coincided with a JA-responsive transcrip-
tional complex consisting of MYC2 transcription factors and
MED25Mediator. Indeed, SA-inducedNPR1physically interacted
with MYC2 and effectively replaced JA-regulated JAZ repressors
to continue to suppress JA-responsive genes by disrupting the
interaction between MYC2 and the MED25 Mediator subunit.
Our findings finally shed light on the mechanisms of crosstalk be-
tween SA and JA signals and underline the importance of versatile
interactions between nuclear receptor components in shaping the
outcome of plant immune responses.
RESULTS
The NPR1 cofactor interacts with MYC activators at JA-
responsive promoters
Although NPR1 functions as a coactivator of SA-responsive
genes through direct interaction with TGA transcription factors
(Després et al., 2000; Fan and Dong, 2002), it strongly sup-
presses JA-responsive genes by still unknown mechanisms
(Spoel et al., 2003). To better understand the role of SA-induced
NPR1 in suppressing JA-responsive genes, we performed RNA
sequencing (RNA-seq) analysis on 2-week-old Arabidopsis
wild-type Columbia (Col-0) and mutant npr1-3 plants treated
for 24 h with methyl-JA (MeJA) or a combination of SA and
MeJA. Among 1,774 JA-induced genes, 289 genes were differ-
entially downregulated by SA in an NPR1-dependent manner
(Table S1; Figures S1A and S1B), indicating that NPR1 sup-
presses a specific subset of JA-responsive genes. We then
performed a comparative and unbiased analysis of the promoter
sequences of these 289 genes, which determines statistically
enriched octamer sequences (Yamamoto et al., 2011). As shown
in Figure S1C, this analysis revealed enrichment of G-box motifs
that were statistically highly overrepresented, implying that 289
genes are controlled by MYC2 and JAZ transcriptional regula-
tors. Although we also found enrichment of G-box motifs in
207 genes that are suppressed by SA but not by NPR1 (Table
S1; Figures S1A and S1D), Gene Ontology (GO) analysis by the
PANTHER classification system indicated that the 289 genes
downregulated in an NPR1-dependent manner were differen-
tially enriched for responses related to JA, defense, and insects
(Table S1; Figure S1E). Therefore, although these two gene sets
possess the sameG-boxmotifs, they are regulated by a different
combination of transcription factors.
Previous work has shown that, after co-treatment with SA and
JA, JAZ repressors are still eliminated (Van der Does et al., 2013),
so why do MYC activators fail to induce JA-responsive gene
expression under these conditions? We hypothesized that SA-
induced NPR1 may act as a substitute for JAZ repressors to
form a transcriptional repressor complex at JA-responsive pro-
moters. It has been reported previously that NPR1may suppress
JA signaling from the cytoplasm (Spoel et al., 2003). Nonethe-
less, we observed that, similar to SA treatment alone, co-treat-
ment with SA and JA resulted in normal accumulation of
NPR1-GFP in the nucleus (Figure S1F), leaving open the possibil-
ity that nuclear NPR1 also plays a role in suppression of JA-res-
ponsive genes. Thus, we surveyed the genome-wide distribution
of NPR1 in the presence of SA and JA by chromatin immunopre-
cipitation sequencing (ChIP-seq) of NPR1-GFP-expressing
Article
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OPEN ACCESSseedlings. The correlation matrix of the read coverages between
three biological replicates (rep1–rep3) indicated high reproduc-
ibility (Figure S1G). Plotting of the average occupancy profile in
relation to gene bodies identified a single peak that mapped to
positions directly upstream of the transcription start site (TSS)
(Figure 1A). By comparing immunoprecipitation (IP) using an
anti-GFP antibody with a pre-immune serum (input), model-
based analysis of ChIP-seq (MACS2) determined, respectively,
5,442, 4,304, and 4,955 NPR1-binding peaks in the three repli-
cates (Table S2; p < 0.05 and score > 30). At least 74% of
NPR1-binding peaks were located in the promoter regions for
each replicate (Figure 1B; Figure S1H). Based on the common
profiles of NPR1-binding peaks in three biological replicates,
we extracted 2,554 NPR1-targeted genes (Table S2; Figure 1C).
GO analysis indicated that these 2,554 genes were enriched not
only for responses related to SA but also to JA, suggesting that
NPR1 localizes to the promoters of JA-responsive genes (Fig-
ure 1D). To identify specific DNA sequences to which NPR1 is re-
cruited, we performed de novo motif analysis of NPR1-binding
peaks with multiple expectation maximizations (ME) for motif
elicitation (MEME)-ChIP, using the read sequences of the
2,554 genes. Not only did we identify TGACG motifs that are
bound by SA-responsive TGA transcription factors known to
interact with NPR1, again we found significant enrichment of
G-box motifs (CACGTG) (Figure 1E; Figure S1I). Although we
also found enrichment of C-box motifs for basic pentacysteine
(BPC) transcription factors in all replicates (Petrella et al.,
2020), there is no evidence that BPCs directly regulate JA-
responsive gene expression. Thus, our results suggest that
NPR1 may form a transcriptional repressor complex that inhibits
the activity of MYC activators at JA-responsive promoters.
To investigate whether NPR1 directly targetsMYC2 and its ho-
mologs, we performed in vitro protein-protein interaction assays
using recombinant biotin acceptor peptide (BAP)-tagged NPR1
(NPR1-BAP), JAZ1-BAP, and FLAG-tagged MYC proteins.
Similar to the previously reported interaction between JAZ1
and MYC proteins (Figure 2A, right panel; Figure S2A; Fernán-
dez-Calvo et al., 2011), NPR1 also strongly interacted with
MYC2, MYC3, and MYC4 (Figure 2A, left panel; Figures S2A
and S2B). We then questioned whether NPR1 binds to the N-ter-
minal region of MYC2, containing the JAZ-interacting domain
(JID) and transcription activation domain (TAD), which are uti-
lized by JAZ and MED25 proteins to halt and activate MYC2-
dependent transcription, respectively. As shown in Figure 2B,
deletion of the N-terminal region completely abolished the
in vitro interaction between NPR1 and MYC2. This was further
validated by pull-down assays demonstrating that the interaction
of FLAG-JAZ1 with hemagglutinin (HA)-tagged MYC2 (MYC2-
HA) was competitively reduced by NPR1-BAP in a dose-depen-
dent manner (Figure 2C).
To confirm NPR1-MYC interactions in vivo, bimolecular fluo-
rescence complementation (BiFC) assays were performed in
Nicotiana benthamiana leaves and Arabidopsis Col-0 protoplast
cells. The N-terminal half of yellow fluorescent protein (YFP) was
fused to MYC2, MYC3, and MYC4 (nYFP-MYCs), whereas the
C-terminal half was fused to NPR1 (NPR1-cYFP). Strong fluores-
cence was detected in N. benthamiana and Arabidopsis nuclei
when NPR1-cYFP and nYFP-MYCs were transiently coex-pressed (Figure 2D; Figure S2C). In addition, coIP experiments
were carried out using transgenic plants expressing pMYC2:
MYC2-FLAG in the jin1-8/myc2 (Figure S2D) and npr1-3 back-
grounds to further verify in vivo interaction. As shown in Fig-
ure 2E, we confirmed that treatment with SA or SA/MeJA clearly
facilitated association of NPR1 with MYC2. These data support
the notion that SA-induced NPR1 protein forms a complex with
MYC activators at JA-responsive promoters. Importantly,
because activation of the SA and JA signaling pathways elimi-
nates JAZ proteins (Van der Does et al., 2013), NPR1 probably
does not compete with JAZ proteins for interaction with MYC2
but, rather, substitutes their repressor function.
Transcriptionally active MYC2-mediator complexes
attract NPR1 to JA-responsive promoters
MYC2 activates JA-responsive genes by interacting with MED25,
a subunit of the Mediator transcriptional coactivator complex,
which stimulates promoter looping between JA enhancers and
their promoters (Wang et al., 2019). Thus, occupancy of pro-
moters by both MYC2 and MED25 is a proxy for actively tran-
scribed JA-responsive genes. To investigate whether NPR1 tar-
gets MYC2 at actively transcribed JA-responsive genes, we
compared the genome-wide occupancy pattern of SA/MeJA-
induced NPR1 with that of MYC2/MED25. We found that 45.2%
of reportedMYC2andMED25 co-targeted geneswere also occu-
pied by NPR1 (1,137 of 2,514) (Table S2; Figure 3A). These 1,137
genes were significantly enriched for GO terms associated with
regulation by the JA-mediated signaling pathway as well as for
response to SA (Figure 3B), whereas MEME-ChIP analysis identi-
fied G-box and TGACG motifs as overrepresented sequences
(Figure 3C). Using the Integrative Genomics Viewer (IGV) browser
(Thorvaldsdóttir et al., 2013), we then visualized the binding site
distribution of NPR1 and MYC2/MED25. As shown in Figure 3D,
NPR1 was enriched at promoter regions of the SA-responsive
marker genes PR1, WRKY38, and WRKY70, all of which contain
TGACG motifs. As expected, binding of MYC2/MED25 to these
promoters was absent or very low. In contrast, promoters of the
JA-responsive marker genes JAZ8, JAZ9, and JRG21 and other
JA-responsive genes showed clear co-occupancy by MYC2/
MED25 (Figure 3E; Figure S3A). Surprisingly, we found that, at
these genes, NPR1 exhibited the same binding distribution as
MYC2/MED25 and preferentially bound at G-box motifs rather
than at TGACGmotifs (Figure 3E; Figure S3A). These results indi-
cate that SA exerts its negative effect on JA signaling through
recruitment of NPR1 to MYC2/MED25-occupied promoter re-
gions of JA-responsive genes.
So how is SA-induced NPR1 recruited to JA-responsive pro-
moters? We considered that MYC2 may act as a beacon that at-
tracts NPR1. To test this hypothesis, we performed ChIP-qPCR
on plants expressing NPR1-GFP in a jin1-2 mutant background
that lacks functional MYC2 protein (Figure S3B). As expected,
SA-induced NPR1-GFP bound to the promoter of SA-responsive
PR1 regardless of the presence of a functional MYC2 allele (Fig-
ure 3F). In contrast, SA stimulated binding of NPR1-GFP to JA-
induced LOX2, JRG21, and JAZ6 promoters, but only in the
presence of functional MYC2 (Figure 3G; Figures S3C
and S3D). This effect was specific to JA-responsive genes
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Figure 1. The SA-responsive NPR1 cofactor targets
the G-box in JA signaling
(A) The correlationmatrix of the read coverages for ChIP-seq
experiment was visualized with plotHeatmap. TSS, tran-
scription start site.
(B) Distribution of the distance to the nearest TSS for NPR1-
binding peaks (p < 0.05 and score > 30).
(C) Venn diagram depicting the overlap between three bio-
logical replicates of NPR1-targeted genes determined by
ChIP-seq.
(D) Enriched GO terms derived from 2,554 NPR1-targeted
genes by the PANTHER classification system. Fold enrich-
ment (p < 0.05) was determined by query gene number
divided by expected gene number in each GO term.
(E) NPR1-binding motifs were identified de novo using
MEME-ChIP with the corresponding E value in 2,554 genes.
The E value is an estimate of the expected number of motifs
that can be found in a similarly sized set of random se-
quences.
See also Figure S1 and Table S2.
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Figure 2. NPR1 cofactor interacts with MYC2 and its homologs
(A and B) In vitro interaction of NPR1-BAP or JAZ1-BAP with MYC2/4-FLAG, FLAG-MYC3, or DNMYC2-FLAG was evaluated by AlphaScreen. Control values
were obtained using the uninduced in vitro translation mixture. Error bars indicate SE of the mean (n = 3). Asterisks indicate significant difference compared with
the control (one-way ANOVA, *p < 0.001).
(C) An in vitro competition assay was performed using FLAG-JAZ1, MYC2-HA, and NPR1-BAP. Proteins were pulled down with an anti-FLAG antibody and
detected by western blotting with anti-FLAG and anti-HA antibodies and NeutrAvidin-horseradish peroxidase (HRP). +, addition of the indicated protein; ++,
double amount of protein used; , absence of the protein.
(D) BiFC analyses were performed inN. benthamiana leaves 3 days after transformation with the indicated constructs. GFP, histone H2B-tdTomato, and merged
signals are shown. Scale bars, 75 mm.
(E) In vivo interaction of MYC2-FLAG with endogenous NPR1. Two-week-old pMYC2:MYC2-FLAG/jin1-8 seedlings were pretreated with water (mock) or 0.5 mM
SA for 12 h, followed by treatment with water, 0.5 mM SA, 50 mM MeJA, or 0.5 mM SA and 50 mM MeJA for 4 h. Proteins were pulled down with an anti-FLAG
antibody and detected by western blotting with anti-FLAG and anti-NPR1 antibodies.
See also Figure S2.
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WRKY75 was not dependent on MYC2 (Figure S3E). Thus,
MYC2 is the major determinant for recruitment of SA-induced
NPR1 to JA-responsive genes.
NPR1 inhibits JA-responsive genes by disruptingMYC2-
mediated recruitment of Mediator
Because MYC2 activity results in recruitment of NPR1 to JA-
responsive genes and the two proteins physically associatein vivo, we sought to determine whether and how NPR1 inhibits
MYC2 transcriptional activator activity. First we investigated
whether JA-responsive gene expression remains dependent
on MYC activators in the absence of functional NPR1 protein
because this could suggest that NPR1 directly targets MYC
proteins. Consistent with previous findings (Spoel et al., 2003),
co-treatment of the npr1-3 mutant with SA and MeJA failed to
suppress induction of JA-responsive VSP2, JAZ9, and LOX2
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OPEN ACCESSmutants (Figure S4), the expression levels of these genes were
reduced to those ofmyc2 myc3 myc4 triple mutants, suggesting
that NPR1 indeed significantly suppressed the transcriptional
activity of MYC activators.
Because NPR1 unambiguously localized to MYC2 chromatin
binding sites in the presence of SA and MeJA (Figures 3E and
3G; Figures S3A and S3D), we investigated whether NPR1 sup-
presses accumulation of MYC2 protein and/or reduces the DNA-
binding activity of MYC2. As shown in Figure 2E, SA treatment
did not decrease the protein levels of constitutively expressed
MYC2-FLAG in the jin1-8/myc2 background (Hou et al., 2010),
suggesting that NPR1 does not facilitate the degradation of
MYC2 protein. Therefore we evaluated the enrichment of
MYC2-FLAG at JA-responsive promoters after co-treatment
with SA and MeJA. Compared with mock or SA-treated tissues,
treatment with MeJA alone significantly enhanced recruitment of
MYC2-FLAG to the JAZ6, JAZ9, LOX2, LOX3, LOX4, and JRG21
promoters (Figure 4B). Likewise, simultaneous treatment with SA
and MeJA still resulted in normal recruitment of MYC2-FLAG to
these promoters, indicating that NPR1 does not hinder the DNA-
binding activity of MYC activators.
Our findings suggest that NPR1 may directly inhibit the tran-
scriptional activity of MYC2 at JA-responsive promoters. To
test this, the effect of NPR1 on the transcriptional activity of
MYC2 was examined, using a reporter construct consisting of
the LOX3 promoter fused to the firefly luciferase (LUC) gene
(pLOX3:fLUC) (Figure 5A). Effector constructs of MYC2-GFP,
JAZ1-FLAG, andNPR1-FLAGwere expressed under the control
of the mannopine synthase (mas) promoter from Agrobacterium
tumefaciens, and a free GFP construct was used as a control.
When the pLOX3:fLUC reporter was transiently coexpressed
withMYC2-GFP inN.benthamiana leaves, LUCactivitywashigh-
ly induced compared with the control (Figure 5B; Figure S5A).
As expected, coexpression of JAZ1-FLAG with MYC2-GFP
completely abolished reporter gene activity. More importantly,
NPR1was equally capable of suppressingMYC2-GFP transcrip-
tional activity, whereas introduction of the npr1-1 mutation
(H334Y) completely removed this repressive effect (Figure 5B;
Figure S5B). Next we investigated whether NPR1 negates the
positive function ofMED25 inMYC2-dependent transcription us-
ing the same reporter system. When MED25-GFP and MYC2-
GFP were coexpressed in N. benthamiana leaves, the activity
of pLOX3:fLUC was significantly higher compared with expres-
sion of only MYC2-GFP (Figures 5A and 5C). Remarkably, theFigure 3. NPR1 localizes on JA-responsive promoters occupied by MY
(A) Venn diagram depicting MYC2/MED25 and NPR1 target genes determined b
(B) Enriched GO terms derived from 1,137 NPR1/MYC2/MED25-targeted gen
determined by query gene number divided by expected gene number in each G
(C) MYC2/MED25 and NPR1-binding motifs were identified de novo using MEM
(D) Localization of NPR1 on the SA-responsive PR1, WRKY38, and WRKY70 pr
TGACG and CACGTG (G-box) motifs, respectively.
(E) Co-occupancy of NPR1 and MYC2/MED25 on the JA-responsive JAZ8, JAZ9
lines indicate TGACG and CACGTG (G-box) motifs, respectively.
(F and G) ChIP-qPCR analyses of NPR1-GFP binding to the TGACG and G-box fro
GFP in npr1-1 and npr1-1 jin1-2 plants were treated with water (mock), 0.5 mM SA
(n = 3). Letters indicate statistically significant differences (two-way ANOVA, p < 0
S3D).
See also Figure S3 and Table S2.positive effect of MED25 on MYC2-mediated LUC activity was
strongly repressed by coexpression of NPR1 or JAZ1. Next we
investigated whether SA affects accumulation of MED25 at
MYC2-binding regionsusing35S:MED25-GFPplants (Figure5D).
Treatment with MeJA for 20 min clearly induced MED25 binding
to the promoters of JRG21, JAZ6, and JAZ8, whereas co-treat-
ment with SA and MeJA abolished its accumulation. These
data indicate that NPR1 suppresses JA-responsive genes by
forming a repressor complex with MYC activators at G-box mo-
tifs, which prevents MYC2-mediated recruitment of Mediator.
NPR1 prevents MYC2/3/4-mediated susceptibility to
virulent Pseudomonas syringae
Next we questioned what the biological significance is of NPR1-
mediated suppression ofMYC2activity. The biotrophic pathogen
Pseudomonas syringaepv.maculicola (Psm) ES4326 inducesSA-
mediated immunity in plants, but it produces the JA-mimicking
phytotoxin COR, which exerts its virulence by hijacking JA
signaling to suppress SA-responsive immunity (Brooks et al.,
2005). It has been demonstrated that COR induces expression
of the three NAM, ATAF, and CUC (NAC) transcription factors,
ANAC019, ANAC055, and ANAC072, in a MYC2-dependent
manner (Zheng et al., 2012). These three homologous genes
play an important role in promoting pathogen virulence by sup-
pressing accumulation of SA and reopening stomata to facilitate
bacterial entry into leaf tissues. Thus, crosstalk between SA and
COR-induced JA signaling pathways is thought to determine
the degree of susceptibility toPsmES4326. Therefore,we utilized
PsmES4326 to determine how the suppressive effect of NPR1on
MYC2 activity affects immunological outcomes.Wild-type plants
andmyc2myc3myc4 triple, npr1-3 single, andmyc2myc3myc4
npr1-3 quadruple mutants were infected with Psm ES4326, and
disease symptoms and pathogen growth were monitored.
Compared with the wild type, disruption of JA signaling in myc2
myc3 myc4 triple mutants enhanced resistance to Psm ES4326
(Figure 6A), indicating that COR produced by this pathogen
boosts virulence through the host MYC signaling pathway. In
contrast, npr1-3mutants displayed enhanced disease suscepti-
bility, but, surprisingly, this was completely abolished by intro-
ducingmyc2myc3myc4mutant alleles. Because these data sug-
gest thatNPR1-mediated suppression ofMYC2activity is amajor
immune mechanism for suppressing pathogen virulence, we
examined the transcriptional activity of SA- and JA-responsive
genes during infection (Figure 6B; Figure S6). Indeed, comparedC2 and MED25
y ChIP-seq.
es by the PANTHER classification system. Fold enrichment (p < 0.05) was
O term.
E-ChIP with the corresponding E value in 1,137 genes.
omoters obtained from 1,417 genes shown in (A). Blue and red lines indicate
, and JRG21 promoters obtained from 1,137 genes shown in (A). Blue and red
m pPR1, pLOX2, pJRG21, and pJAZ6. Two-week-old seedlings of 35S:NPR1-
, 50 mMMeJA, or 0.5 mM SA and 50 mMMeJA for 6 h. Error bars represent SD
.05). The experiment was performed twice with similar results (Figures S3C and
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Figure 4. SA does not decrease MYC2 binding to the JA-responsive promoters
(A) Two-week-old seedlings of the indicated genotypes were treated with water (mock), 50 mMMeJA, or 0.5 mMSA and 50 mMMeJA for 6 h. Expression of VSP2,
JAZ9, and LOX2 was determined by qPCR and normalized with UBQ5. Error bars represent SD (n = 3). Letters indicate statistically significant differences (one-
way ANOVA, p < 0.05).
(B) ChIP-qPCR analysis of binding of MYC2-FLAG to the G-box motif from the JA-responsive pJAZ6, pJAZ9, pLOX2, pLOX3, pLOX4, and pJRG21. Two-week-
old pMYC2:MYC2-FLAG/jin1-8 seedlings were pretreated with water (mock) or 0.5 mMSA for 12 h, followed by treatment with water, 0.5mMSA, 50 mMMeJA, or
0.5 mM SA and 50 mM MeJA for 4 h. Error bars represent SD (n = 3). Letters indicate statistically significant differences (two-way ANOVA, p < 0.05). The
experiment was performed twice with similar results.
See also Figure S4.
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OPEN ACCESSwith the wild type, Psm ES4326 infection enhanced expression
levels of JA-responsive VSP2, LOX2, LOX3, JAZ8, JAZ9,
ANAC019, ANAC055, and ANAC072 in the npr1-3 mutant (Fig-
ure 6B). This effect was dependent on MYC activators because
enhanced induction was completely lost in myc2 myc3 myc4
npr1-3 quadruple mutants. These data indicate that NPR1 nega-
tively regulates the transcriptional activity of MYC activators to
alleviateCOR-inducedpathogenicity. Importantly, disease-resis-
tant myc2 myc3 myc4 npr1-3 quadruple mutants did not exhibit
enhanced expression of SA marker genes or genes associated
withpattern-triggered immunity (FigureS6), supporting thenotion
that NPR1-mediated suppression of JA signaling is sufficient to
establish resistance to Psm ES4326. Hence, our results demon-
strate that transcriptional suppression of MYC activators by
NPR1 is a major immune mechanism for preventing hijacking of
hormone signaling and limiting pathogen virulence.8 Cell Reports 37, 110125, December 14, 2021DISCUSSION
NPR1 is a potent coactivator of SA-responsive gene expression
(Fu and Dong, 2013). It has also been proposed to function as a
corepressor of JA-responsive genes through cytoplasmic and
nuclear functions, but the associated mechanisms remain un-
known (Pieterse et al., 2009). JA-responsive gene expression is
controlled by JAZ repressors that effectively inactivate MYC ac-
tivity by binding to the N-terminal region containing the JID and
TAD. JA initiates SCFCOI1-mediated degradation of JAZ repres-
sors to releaseMYC2 activity (Kazan andManners, 2013), result-
ing in activation of the JA-responsive hierarchical transcription
cascade to appropriately respond to wounding and pathogen
attack (Du et al., 2017). Here we found that SA-induced NPR1
forms two functionally distinct complexeswith TGA andMYCac-

















































































































Figure 5. NPR1 directly inhibits MYC2/MED25-dependent transcriptional activity
(A) Schematic of the reporter and effectors used in the Agrobacterium-mediated transient assay in N. benthamiana leaves. fLUC, firefly luciferases; pMAS,
mannopine synthase promoter.
(B) Effect of NPR1 and npr1H334Y on the transcriptional activity of MYC2. Five-week-old N. benthamiana leaves were inoculated with Agrobacterium carrying the
indicated constructs and incubated for 48 h. Luciferase activity was measured from protein extracts of the leaf samples. Error bars represent SD (n = 3). Letters
indicate statistically significant differences (one-way ANOVA, p < 0.05). , inoculation with Agrobacterium carrying the empty vector.
(C) Effect of NPR1 on transcriptional activity of the MYC2-MED25 complex. Five-week-old N. benthamiana leaves were inoculated with Agrobacterium carrying
the indicated constructs and incubated for 48 h. Luciferase activity was measured from protein extracts of the leaf samples. Error bars represent SD (n = 3).
Letters indicate statistically significant differences (one-way ANOVA, p < 0.05). , inoculation with Agrobacterium carrying the empty vector.
(D) ChIP-qPCR analyses of MED25-GFP binding to the G-box from pJRG21, pJAZ6, and pJAZ8. Two-week-old seedlings of 35S:MED25-GFP/Col-0 plants were
pretreatedwithwater (mock) or 0.5mMSA for 12 h, followed by treatment with water, 50 mMMeJA, or 0.5mMSA and 50 mMMeJA for 20min. Error bars represent
SD (n = 3). Letters indicate statistically significant differences (two-way ANOVA, p < 0.0001). The experiment was performed twice with similar results.
See also Figure S5.
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OPEN ACCESS3). Although the former complex has been shown to initiate SA-
responsive gene expression (Jin et al., 2018), we demonstrate
here that the latter represses JA-responsive and MYC-depen-dent transcription (Figure 6C). Although some JA-responsive
promoters contained TGACG and G-box motifs, NPR1 predom-











































































































































































































Figure 6. NPR1 suppresses the MYC activator-mediated susceptibility of virulent Pseudomonas syringae
(A) Growth of Psm ES4326 in the indicated genotypes wasmonitored 3 days after inoculation (optical density 600 [OD600] = 0.001). Error bars represent SE (n = 7).
CFU, colony-forming unit. Letters indicate statistically significant differences (one-way ANOVA, p < 0.05).
(B) Four-week-old leaves were inoculated with 10 mMMgCl2 or Psm ES4326 (OD600 = 0.001) for 24 h. Expression of VSP2, LOX2, LOX3, JAZ8, JAZ9, ANAC019,
ANAC055, and ANAC072 was analyzed by qPCR and normalized with UBQ5. Error bars represent SD (n = 3).
(C) Proposed model of NPR1-mediated SA/JA crosstalk.
See also Figure S6.
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OPEN ACCESSTherefore it is unlikely that TGA factors are responsible for recruit-
ment of NPR1 to JA-responsive genes. We reveal that NPR1 tar-
gets the same N-terminal region of MYC2 as JAZ repressors and
theMED25Mediator subunit (Figure 2B), indicating that direct as-
sociation withMYC2 negates its transcriptional activator activity,
possibly by competing for interaction with MED25 (Figure 5C).
This notion is supported by our finding that NPR1 occupies
many of the same MYC2-regulated promoters as MED25,
including JA-responsive LOX and JAZ genes (Figure 3E; Fig-
ure S3A; Spoel et al., 2003; Van der Does et al., 2013; Wang
et al., 2019), and that SA treatment reduces JA-induced binding
of MED25 to MYC2-targeted promoters to repress their tran-
scriptional activation (Figure 5D). It has been demonstrated that
JA facilitates binding of MED25 to the promoter regions of10 Cell Reports 37, 110125, December 14, 2021MYC2-targeted genes (Chen et al., 2012), followed by recruit-
ment of histone acetyltransferase 1 (HAC1) and the RNA
polymerase II general transcription machinery to initiate MYC2-
dependent transcription (An et al., 2017; Zhai et al., 2020). Inter-
estingly, the JA-inducible bHLH proteins MYC2-TARGETED
BHLH1 (MTB1),MTB2, andMTB3havebeen shown to impair for-
mation of theMED25-MYC2 complex and compete for binding to
MYC2-targeted promoters, terminating JA-responsive gene
expression (Liu et al., 2019). These results strongly support our
hypothesis that NPR1-induced dissociation of the MED25-
MYC2 interaction plays a pivotal role in repressing JA-responsive
gene expression (Figure 6C). We conclude that SA compromises
JA signaling throughNPR1-mediated inactivation ofMYCactiva-
tors on JA-responsive promoters.
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OPEN ACCESSIt has been reported previously that NPR1 may also suppress
JA signaling from the cytoplasm rather than the nucleus, as we
show here (Spoel et al., 2003). Despite best efforts in that study,
it is difficult to exclude all NPR1 from the nucleus, so it remains
plausible that a small amount of nuclear NPR1 is sufficient to
suppress JA-responsive genes. Alternatively, NPR1 may sup-
press JA signaling though activities in the cytoplasm and the nu-
cleus. Although cytoplasmic NPR1may suppress JA signaling in
cooperation with other cytosolic proteins, such as MPK4 and
PAD4 (Pieterse et al., 2009), nuclear NPR1 suppresses JA-
responsive MYC2, as shown in the current study. Although SA
and NPR1 likely suppress JA-responsive gene expression via
various different mechanisms (Ndamukong et al., 2007; Spoel
et al., 2003; Van der Does et al., 2013), our comprehensive ge-
netic and genomic analyses indicate that NPR1-mediated sup-
pression of MYC activity is most predominant and responsible
for suppressing pathogen virulence.
The phytotoxin COR is a major virulence factor secreted by a
variety of P. syringae strains that exerts diverse antagonistic ef-
fects on plant immune responses. Because COR is the molec-
ular mimic of an active form of JA, the isoleucine conjugate of
JA (JA-Ile), it induces degradation of JAZ proteins to initiate
MYC-dependent transcription (Howe et al., 2018; Major et al.,
2017). COR has been shown previously to activate three homol-
ogous NAC transcription factors, ANAC019, ANAC055, and
ANAC072, via MYC2 activity, suppressing SA accumulation
and stomatal closure to facilitate pathogen entry into host
tissues (Zheng et al., 2012). These structural and functional re-
semblances to JA-Ile enable antagonistic suppression of SA-
induced immune responses through activation of the JA
signaling pathway (Brooks et al., 2005; Geng et al., 2014). Our
genetic data demonstrate that the enhanced disease suscepti-
bility of npr1 mutants to COR-producing Psm ES4326 is largely
recovered by introducing mutations in MYC activators (Fig-
ure 6A) and that expression of the above three COR-responsive
NACs is repressed in an NPR1-dependent manner (Figure 6B).
These data are consistent with the notion that NPR1 counter-
acts the virulence-promoting activity of COR by abrogating
the MYC-dependent signaling pathway.
Functional shifts from coactivator to corepressor behavior, as
described here for NPR1, may be a commonmechanism utilized
by multiple plant transcription cofactors. For example, the
lipase-like protein enhanced disease susceptibility 1 (EDS1)
positively mediates profound transcriptional changes and host
cell death upon recognition of pathogen-secreted effectors by
intracellular nucleotide-binding domain/leucine-rich repeat
(NLR) receptors (Bhattacharjee et al., 2011; Heidrich et al.,
2011). However, EDS1 and its partner PAD4 are also capable
of sequestering MYC2 away from the promoter of ANAC019 to
minimize the effect of COR on SA-mediated immune responses
(Cui et al., 2018). Another example is that genes responsive to
the developmental hormone gibberellin (GA) require DELLA co-
factors for appropriate regulation. As corepressors, DELLAs
interact with phytochrome-interacting factors (PIFs) to hinder
their DNA binding and prevent target gene expression, inhibiting
hypocotyl growth (de Lucas et al., 2008; Feng et al., 2008). By
contrast, indeterminate domain (IDD) transcription factors that
promote expression of the GA regulator SCARECROW-LIKE 3(SCL3) are activated by interaction with DELLAs (Yoshida
et al., 2014). Our findings reveal that the NPR1 cofactor is at
the heart of reciprocal regulation of SA- and JA-induced tran-
scriptional programs and ensures appropriate tailoring of im-
mune responses specifically to the attacker. The unexpected
mechanistically distinct behaviors of a cofactor in different path-
ways as a function of transcriptional context may be an impor-
tant additional mechanism utilized by eukaryotes in general to
orchestrate gene expression programs.
Limitations of the study
We demonstrated that SA suppresses the transcriptional activity
of MYC activators, which play a major role in the JA signaling
pathway. Although SA-mediated repression of the JA signaling
pathway includes NPR1-dependent and -independent mecha-
nisms, as shown in our comparative transcriptome analysis,
the present model is limited to the mechanism by which NPR1
directly inhibits MYC activators. In addition, there are many
JA-responsive genes that are not repressed by SA and/or
NPR1. Future study is needed to address the biological role of
these genes and the regulatory mechanism of transcription.
Although we showed that NPR1 localizes on JA-responsive
promoters via MYC2, we do not exclude the possibility that
NPR1 represses a portion of JA-responsive genes by binding
to other transcription factors.
The present study demonstrated that the NPR1-MYC2 interac-
tion has a repressive effect on JA-responsive genes but that
NPR1-TGApromotesSA-responsive transcription. Thesedifferent
behaviorsofNPR1dependenton transcriptional context shouldbe
studied further in the future.
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request.EXPERIMENTAL MODEL AND SUBJECT DETAILS
Arabidopsis thaliana
Arabidopsis (Arabidopsis thaliana) transgenic lines and mutants used in this study were derived from Columbia (Col-0) ecotype. For
pathogen infection, all plants were grown in soil (Sakata Seed Co. Ltd., Yokohama, Japan) under a 16 h light and 8 h dark cycle at
22C with 65% relative humidity. For RT-qPCR and ChIP analyses, Arabidopsis seedlings were grown on vertical half-strength Mur-
ashige and Skoog (MS) plates [1% (w/v) sucrose, 0.6% (w/v) gellan gum, and 0.01% (w/v) myo-inositol, pH 5.7] in a growth chamber
(CLE-303, Tomy Kogyo Co. Ltd., Tokyo, Japan) at 22C under a 16 h light and 8 h dark cycle.
The 35S:NPR1-GFP/npr1-1 transgenic plants were provided by Dr. Xinnian Dong (Duke University, Durham, USA). The pMYC2:
MYC2-FLAG/jin1-8 transgenic plants were provided by Dr. Xingliang Hou (Chinese Academy of Sciences, Beijing, China). The
jin1-2/myc2 and myc234 mutants were provided by Dr. Roberto Solano (Centro Nacional de Biotecnologı́a-CSIC, Madrid, Spain).e2 Cell Reports 37, 110125, December 14, 2021
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OPEN ACCESSThe 35S:MED25-GFP/Col-0 transgenic plants were provided by Dr. Qingzhe Zhai (Chinese Academy of Sciences, Beijing, China).
The npr1-3 mutant was crossed with myc234 plants to generate the myc234 npr1-3 quadruple mutant. The jin1-2 mutant was
crossed with 35S:NPR1-GFP/npr1-1 plants to generate the 35S:NPR1-GFP/npr1-1 jin1-2. Primers used for genotyping F2 and F3
plants are listed in Table S3.
Nicotiana benthamiana
N. benthamiana (kind gift from Dr. Kazuya Ichimura, Kagawa University) was grown in soil (Sakata Seed Co. Ltd., Yokohama, Japan)
under a 16 h light and 8 h dark cycle at 25C. Five-week-old N. benthamiana leaves were used in all experiments in this study.
METHOD DETAILS
Pathogen Infection and Chemical Treatment
Pseudomonas syringae pv.maculicola (Psm) ES4326 (OD600 = 0.001) was pressure infiltrated into whole leaves of 4-week-old plants
using a needleless syringe, and bacterial growth was determined 3 days after inoculation as described previously (Wang et al., 2006).
For RT-qPCR analysis, whole leaves were infiltrated with Psm ES4326 (OD600 = 0.001) and collected 24 h after inoculation. The leaf
tissue was stored at 80C until use.
For RT-qPCR analysis, thirteen-day-old seedlings were pretreated with water or 0.5 mM sodium salicylate (SA; Wako Pure Chem-
ical Industries, Ltd., Osaka, Japan) for 12 h, followed by incubation with water, 0.5 mM SA, 50 mMmethyl-jasmonate (JA; Sigma-Al-
drich, Co., MO, USA), or both SA and JA for 4 h. Three seedlings were mixed and processed for the expression analysis as described
in ‘‘RNA Analysis.’’ The leaf tissue was stored at 80C until use.
RNA Analysis
Total RNAwas isolated using the RNeasyMini Kit (QIAGEN, Hilden, Germany) from seedlings treated with hormones or leaves inoc-
ulated with Psm ES4326 as described above. First-strand cDNA was synthesized from 500 ng of total RNA using the PrimeScript RT
Reagent Kit (Takara Bio, Inc., Shiga, Japan) according to the manufacturer’s instructions. Quantitative real-time PCRwas carried out
on a LightCycler (Roche, Basel, Switzerland) using the KAPA SYBR FAST qPCR Master Mix (2x) kit (Kapa Biosystems, Inc., NC,
USA), 20-fold diluted cDNAs, and the gene-specific primers listed in Table S3. Each experiment had three biological replicates and
was repeated at least three times.
Construction of Illumina Sequencing Libraries and Sequencing of RNA
RNA samples were isolated with the RNeasy Mini Kit (QIAGEN), and analyzed by qPCR. For RNA-Seq, cDNA libraries were con-
structed from 1 mg of RNA samples by a TruSeq RNA Sample Preparation kit (Illumina, CA, USA) and the amount of cDNA was deter-
mined by Phix control (Illumina). The single end of cDNA libraries was sequenced for 36 nucleotides with an Illumina GAIIx sequencer,
readsweremapped to theArabidopsis thaliana genome (TAIR10; https://www.arabidopsis.org/) by Bowtie (Langmead and Salzberg,
2012), and pairwise comparisons were performed with EdgeR (Robinson et al., 2010). Differentially expressed genes were selected
with a fold change > 1 and an FDR < 0.01.
Determination of Cis-Regulatory Elements Using RNA-seq Profile
JA-induced genes, which were repressed in an NPR1-dependent manner, were identified by RNA-seq (Table S1; Figures S1A and
S1B). Extraction of overrepresented octamer sequences was performed as previously reported (Yamamoto et al., 2011). The en-
riched octamers were aligned according to a conserved pentamer sequence, followed by the Weblogo analysis using Weblogo
version 2.8.2 (http://weblogo.berkeley.edu/) (Crooks et al., 2004). The conserved pentamers were used to demonstrate the motifs
in Figures S1C and S1D. Promoter sequences were also subjected to Athena analyses that determine the enriched cis-regulatory
elements on a gene set (O’Connor et al., 2005).
Cloning Genes
To clone genes of transcription regulators, template cDNAs were prepared from wild-type leaves treated with 0.5 mM SA or 50 mM
MeJA as described above. Target genes were amplified using a GeneAtlas (Astec, Fukuoka, Japan) and cloned into pDONR221
(Invitrogen, CA, USA) with theGateway cloning system (GatewayBPClonase Enzymemix, Invitrogen). The primers used for cloning
and verification of DNA sequences are listed in Table S3.
Synthesis of Recombinant Proteins
Protein synthesis was performed using the Cell-Free Protein Synthesis Kit following the manufacturer’s instructions (BioSieg, To-
kushima, Japan). For in vitro transcription, the coding DNA sequences of either FLAG tag (DYKDDDDK) or the biotin acceptor peptide
(BAP tag: GLNDIFEAQKIEWHE) were attached to the cDNA templates of transcription factors by PCR using KOD-Plus-Neo DNA po-
lymerase (TOYOBO, Osaka, Japan). Approximately 30 mg of RNA was prepared by T7 RNA polymerase-based transcription from the
PCR product (Nomoto and Tada, 2018). The RNA samples were dissolved in 70 mL of RNase-free water (Invitrogen) and mixed with
20 mL of a wheat germ extract and 20 mL of amino acid mixture at 16C for 10-18 h. Biotinylation of BAP-tagged proteins wasCell Reports 37, 110125, December 14, 2021 e3
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(Avidity, LLC, CO, USA). The biotinylated proteins were then dialyzed against 1 x PBS (137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM
KCl, and 1.47 mMKH2PO4) at 4
C for 16-22 h. The synthesized proteins were confirmed by immunoblotting with an antibody against
FLAG (Wako), an antibody against HA (Santa Cruz Biotechnology, Inc., CA, USA), or neutravidin conjugated to horseradish perox-
idase (Thermo Fisher Scientific Inc., IL, USA).
BiFC Assay in Arabidopsis Protoplast Cells
Arabidopsis protoplasts were prepared as previously described (Tsukagoshi et al., 2005). The cDNAs of NPR1, JAZ1, and MYC2 in
pDONR221 were subcloned into the 35S CaMV promoter-driven destination vectors pGWcY, pnYGW, or pcYGW (kind gifts from Dr.
Tsuyoshi Nakagawa, Shimane University) (Hino et al., 2011) by LR clonase reaction (Gateway LR Clonase Enzymemix, Invitrogen).
A 150 ml suspension of 53 106 cells/ml was transfected with 15 mg ofNPR1 or JAZ1 cDNAs plus 15 mg ofMYC2 cDNA by 65 ml of 40%
(w/v) polyethylene glycol (Polyethylene Glycol 4,000, Wako). After 20min incubation on ice, samples were mixed with 5mL of dilution
solution (1.5mMMES-KOH, pH 5.6, 400mMmannitol, 125mMCaCl2, 4.98mMKCl, and 50mMglucose) and centrifuged at 600 rpm
at room temperature for 5 min. The pellets were resuspended in 2 mL of MS-mannitol solution [1 x MS, 400 mM mannitol, pH 5.7,
3.3 mM CaCl2, 0.1% (w/v) myo-inositol, and 0.001% (w/v) thiamine-HCl] and incubated at 22
C for 12 h in the dark. Samples
were viewed under a Leica DMI6000 B with a 40X objective lens (Leica Microsystems, Wetzlar, Germany).
BiFC Assay in N. benthamiana Leaves
The cDNAs of NPR1, JAZ1, MYC2, MYC3, and MYC4 in pDONR221 were cloned into the 35S CaMV promoter-driven destination
vectors pSITE-cEYFP-N1, pSITE-cEYFP-C1, or pSITE-nEYFP-C1 (kind gifts from Dr. Kazuya Ichimura, Kagawa University) (Martin
et al., 2009) by LR clonase reaction (Gateway LR Clonase Enzyme mix, Invitrogen). These constructs were transformed into Agro-
bacterium tumefaciens strain GV3101 using the freeze-thawmethod. TheAgrobacteriumwas resuspended in 4mL of Agrobacterium
Induction Media (AIM) with 150 mg/ml Acetosyringone as previously described (Nimchuk et al., 2000). After incubation at 210 rpm at
28C for 5 h, samples were centrifuged at 4,000 rpm at room temperature for 20 min. The pellets were resuspended in infiltration
buffer (0.5 mM MES-KOH, pH 5.6, 1 mM MgCl2, 50 mg/ml Acetosyringone), and each transformed cell and Agrobacterium carrying
p19 suppressor from Tomato bushy stunt virus (Adachi et al., 2015) and histone H2B-tdTomato (kind gift from Dr. Sachihiro Matsu-
naga, Tokyo University) were mixed in different combinations to a final concentration of OD600 = 0.1. Five-week-old N. benthamiana
leaves were co-infiltrated with the mixed Agrobacterium cells, and placed under a 16 h of light and 8 h of dark cycle at 25C for 60 h.
Sample leaves were viewed under a DMI 6000B-AFC fluorescence microscope and a SP8 confocal microscope with a 10X objective
lens (Leica Microsystems).
In Vitro Interaction Assay by AlphaScreen System
In vitro protein-protein interactions were evaluated by the AlphaScreen system (PerkinElmer Inc., MA, USA) according to the man-
ufacturer’s instructions. Briefly, 2 ml of FLAG-tagged MYC transcription factors (33 ng) and biotinylated NPR1 or JAZ1 (18.5 ng) pro-
duced by the in vitro translation system were incubated with 2.5 ml of 10 x Control Buffer [FLAG (M2) Detection Kit, PerkinElmer Inc.],
2.5 ml of 0.1% (w/v) Tween 20, 2.5 ml of 1% (w/v) BSA, and 5.5 ml of ultrapure water at room temperature for 1 h. Samples weremixed
with 4 ml of 40-fold diluted Acceptor Bead and then incubated at room temperature for 1 h, followed by the reaction with 4 ml of 40-fold
diluted Donor Bead for 6-12 h. Upon excitation at 680 nm, the emission wavelengths between 520 and 620 nm were measured as
AlphaScreen units (interaction signals) using a Spark 10M Multimode Microplate Reader (TECAN, Männedorf, Switzerland).
In Vitro Pull-Down Analysis
10 ml of MYC2-FLAG and 30 ml of NPR1-HA in vitro-synthesized proteins were incubated with 460 ml of Buffer A [1 x PBS, 0.01% (w/v)
Tween 20, 0.04 mMMG115, and protease inhibitor cocktail (Sigma-Aldrich)] at 16C for 3 h. For the MYC2-FLAG negative control,
the equivalent amount of a wheat germ extract was added to the mixture. Samples were then incubated with 2 mL of an antibody
against FLAG (Wako) at 16C for 1 h with gentle rocking while a 10 mL aliquot was used as the input control, followed by incubation
with 25 ml Dynabeads Protein A bead slurry (Invitrogen) at 16C for 1 h with gentle rocking. The beads were washed with 1 mL of
Buffer B [1 x PBS, 0.01% (w/v) Tween 20], and incubated in 20 ml of sample buffer [75 mM Tris-HCl, pH 6.8, 15% (w/v) glycerol,
0.03% (w/v) bromophenol blue, 3% (w/v) sodium dodecyl sulfate (SDS), and 200mMdithiothreitol (DTT)] at 70C for 20min. Samples
were then subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE), followed by immunoblotting for FLAG- and HA-tagged
proteins.
For the competition assay, 8 ml of 2.8-fold diluted MYC2-HA and 40 ml or 80 ml of 2-fold diluted NPR1-BAP were incubated with
Buffer A (total 400 ml) at 4C for 12 h. For the negative control, the equivalent amount of a wheat germ extract was added to the
mixture. Samples were then mixed with 3 ml of 2.8-fold diluted FLAG-JAZ1 and 1 mL of an antibody against FLAG (Wako), and incu-
bated at 4C for 40 min with gentle rocking while a 10 mL aliquot was used as the input control. Samples were then incubated with
25 ml Dynabeads Protein A bead slurry (Invitrogen) at 16C for 45 min. The beads were washed 3 times with 1 mL of Buffer B, and
incubated in 30 ml of sample buffer at 70C for 20 min. Samples were then subjected to SDS-PAGE, followed by immunoblotting for
HA, FLAG, and BAP-tagged proteins.e4 Cell Reports 37, 110125, December 14, 2021
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For NPR1 co-immunoprecipitation with MYC2-FLAG, 0.5 g of seedlings per sample were pretreated with 0.5 mM SA for 12 h, fol-
lowed by treatment with water, 0.5 mM SA, 50 mM JA, or both SA and JA for 4 h. Tissue was frozen and ground to a fine powder
in liquid nitrogen before homogenizing in protein extraction buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% (w/
v) Triton X-100, 0.2% (w/v) Nonidet P-40, and inhibitors: 50 mg/ml TPCK, 50 mg/ml TLCK, 0.6 mM PMSF]. Extracts were centrifuged
at 13,000 rpm at 4C for 20min to remove cellular debris and filtered through 0.22 mmfilters. Anti-FLAGM2 affinity gel (Sigma-Aldrich)
was washed with the above buffer before incubating with samples overnight with rotation at 4C. The resin was washed 5 times with
the same buffer before immunoprecipitated proteins were eluted by boiling in 1 x SDS-PAGE sample buffer including 50 mM DTT.
MYC2-FLAG was detected using rabbit anti-FLAG antibodies (Sigma-Aldrich) while co-immunoprecipitating NPR1 was detected
with anti-NPR1 antibodies (AgriSera, Vännäs, Sweden).
Fluorescence Microscopy of NPR1-GFP Proteins
Thirteen-day-old 35S:NPR1-GFP/npr1-1 seedlings were pretreatedwith water for 12 h, followed by treatment with water, 0.5mMSA,
50 mMJA, or both SA and JA for 6 h as described above. Sample leaves were viewed under a fluorescencemicroscope BZ-X800with
a 40X objective lens (KEYENCE, Osaka, Japan).
ChIP Assay
Approximately 0.7 g of 2-week-old pMYC2:MYC2-FLAG/jin1-8 seedlings were pretreatedwith water or SA for 12 h, followed by treat-
ment with water, 0.5 mM SA, 50 mM JA, or both SA and JA for 4 h as described above. Approximately 0.7 g of 2-week-old
35S:MED25-GFP/Col-0 seedlings were pretreated with water or SA for 12 h, followed by treatment with water, 50 mM JA, or both
SA and JA for 20min. Similarly, approximately 0.7 g of 35S:NPR1-GFP/npr1-1 and 35S:NPR1-GFP/npr1-1 jin1-2 seedlings were sub-
jected to treatment with water, 0.5 mM SA, 50 mM JA, or both SA and JA for 6 h as described above. Samples were fixed in 25 mL of
1% formaldehyde under vacuum for 3 cycles of 2 min ON/2min OFF using an aspirator (SIBATA, Saitama, Japan). Subsequently,
1.5 mL of 2M glycine was added to quench the cross-linking reaction under vacuum for 2 min. The sample tissues were then washed
with 50 mL of double-distilled water and stored at 80C until use. Frozen samples were ground to a fine powder with a mortar and
pestle in liquid nitrogen and dissolved in 2.5 mL of nuclei extraction buffer (10 mM Tris-HCl, pH 8.0, 0.25 M sucrose, 10 mMMgCl2,
40 mM b-mercaptoethanol, and protease inhibitor cocktail) (Yamaguchi et al., 2014). Samples were filtered through two layers of
Miracloth (Calbiochem, CA, USA) and centrifuged at 13,500 rpm at 4C for 5 min. The pellets were resuspended in 75 mL of nuclei
lysis buffer [50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% (w/v) SDS]. After incubation at room temperature for 20 min then on ice
for 10 min, samples were mixed with 225 mL of ChIP dilution buffer without Triton [16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl,
1.2 mM EDTA, and 0.01% (w/v) SDS]. Chromatin samples were sonicated for 10 cycles of 30 s ON/30 s OFF using a Bioruptor
UCW-201 (Cosmo Bio Co., Ltd., Tokyo, Japan) to produce DNA fragments, followed by the addition of 375 mL of ChIP dilution buffer
without Triton, 200 mL of ChIP dilution buffer with Triton [16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 0.01% (w/v) SDS,
and 1.1% (w/v) Triton X-100], and 35 mL of 20% (w/v) Triton X-100. After centrifugation at 13,500 rpm at 4C for 5 min, 900 mL of sol-
ubilized sample was transferred to protein low-binding tubes and incubated with 100 mL of anti-FLAGM2 affinity gel slurry (Sigma-
Aldrich) or 0.7 mL of an anti-GFP antibody (Abcam, Cambridge, UK) for 2 h with gentle rocking while an 18 mL aliquot was used as the
input control. Then, samples were mixed with 100 ml Protein A agarose bead slurry (Upstate, Darmstadt, Germany) and incubated at
4C for 1 h with gentle rocking. Beads were washed twice with 1 mL of low salt wash buffer [20 mM Tris-HCl, pH 8.0, 150 mM NaCl,
2 mM EDTA, 0.1% (w/v) SDS, and 1% (w/v) Triton X-100], twice with 1 mL of high salt wash buffer [20 mM Tris-HCl, pH 8.0, 500 mM
NaCl, 2 mM EDTA, 0.1% (w/v) SDS, and 1% (w/v) Triton X-100], twice with 1 mL of LiCl wash buffer [10 mM Tris-HCl, pH 8.0, 0.25 M
LiCl, 1 mM EDTA, 1% (w/v) sodium deoxycholate, and 1% (w/v) Nonidet P-40], and twice with 1 mL of TE buffer [10 mM Tris-HCl, pH
8.0, 1 mM EDTA]. After washing, beads were resuspended in 100 mL of elution buffer [1% (w/v) SDS, 0.1 M NaHCO3, and 1 mg/ml
salmon sperm DNA] and incubated at 65C for 30 min. For the input controls, 41.14 mL of TE buffer, 8.7 mL of 10% (w/v) SDS,
21 mL of elution buffer, and 1 mg/ml salmon sperm DNA were added to 18 mL of each solubilized sample. Both supernatant and input
samples were mixed with 4 mL of 5 M NaCl and incubated at 65C overnight to reverse crosslinks, followed by digestion with 1 mL of
Proteinase K (Invitrogen) at 37C for 1 h. ChIP samples weremixedwith 500 mL of Buffer NTB and purified using the PCR clean-upGel
extraction following the manufacturer’s instructions (MACHEREY-NAGEL, D€uren, Germany). Quantitative real-time PCRwas carried
out on a LightCycler (Roche) using the KAPA SYBR FAST Universal 2X qPCR Master Mix (Kapa Biosystems, Inc.), 5-fold diluted
purified DNAs, and gene-specific primers listed in Table S3.
For ChIP-seq analysis, approximately 0.7 g of 35S:NPR1-GFP/npr1-1 seedlings were subjected to treatment with water or both SA
and JA for 6 h as described above. Chromatin samples were sonicated for 30 cycles of 30 s ON/30 s OFF. The sonicated samples
were split into 2 tubes, followed by the addition of 560 mL ChIP dilution buffer with Triton and 0.5 mL of an anti-GFP antibody (IP)
(Abcam) or Rabbit IgG-Isotype Control (Control) (Abcam). Next, each sample was mixed with 50 ml of Protein A agarose bead slurry
(Upstate) and incubated at 4C for 3 h with gentle rocking. Beads were washed as described above then resuspended in 100 mL of
elution buffer [1% (w/v) SDS, 0.1 M NaHCO3] and incubated at 65
C for 30 min. Supernatants were mixed with 4 mL of 5 M NaCl and
incubated at 65C overnight, followed by the digestion with 1 mL of Proteinase K (Invitrogen) at 37C for 1 h. DNA samples were pu-
rified using the PCR clean-up Gel extraction following the manufacturer’s instructions (MACHEREY-NAGEL).Cell Reports 37, 110125, December 14, 2021 e5
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ChIP-seq libraries for three biological replicates were constructed from 200 ng of DNA samples using the NEB Ultra II DNA Library
Prep Kit for Illumina (New England BioLabs, MA, USA) according to the manufacturer’s instructions. The amount of cDNA was deter-
mined by the QuantiFluor dsDNA System (Promega, WI, USA). All ChIP-seq libraries were sequenced as 86-bp single-end reads
using the Illumina system NextSeq500.
Analysis of ChIP-Seq Data
Reads were mapped to the Arabidopsis thaliana genome (TAIR10; https://www.arabidopsis.org/) using Bowtie2 with default param-
eters (Langmead and Salzberg, 2012). The Sequence Alignment/Map (SAM) file generated by Bowtie2 was converted to a Binary
Alignment/Map (BAM) format file by SAMtools (Li et al., 2009). To visualize themapped reads, the Tiled Data File (TDF) file was gener-
ated from the BAM file using the igvtools package in the Integrative Genome Browser (IGV) (Thorvaldsdóttir et al., 2013). The read
coverages for three biological replicates were compared with multiBamSummary from deepTools with 100-b bins (Ramı́rez et al.,
2016), and the output was visualized by plotCorrelation. The bamCoverage command was used to generate a coverage track as
the BigWig file and plotHeatmap visualized the scores. ChIP-seq peaks were called by comparing the IP with the Input using
Model-based Analysis of ChIP-Seq (MACS2) with the ‘‘-p 0.05 -g 1.118e8’’ option (p < 0.05 and peak score > 30) (Zhang et al.,
2008). The peaks were annotated with the nearest gene using the Bioconductor and ChIPpeakAnno package in R program. Gene
Ontology (GO) analysis of the set of 2554 genes detected across three biological replicates was performed by PANTHER (Mi
et al., 2019) in The Arabidopsis Information Resource (TAIR) website (https://www.arabidopsis.org/tools/go_term_enrichment.jsp).
Sequences of the peaks were extracted from the Arabidopsis thaliana genome as a FASTA file by Bedtools (Quinlan and Hall,
2010). To identify the candidates of NPR1 binding motifs, the FASTA files were subjected to MEME (Multiple EM for Motif Elicita-
tion)-ChIP with the default parameter (–meme-minw 6–meme-maxw 10) (Ma et al., 2014; Machanick and Bailey, 2011) and generated
a density plot of the distribution of the motifs.
ChIP-seq data of MYC2 (CRR032460) and MED25 (CRR032462) were downloaded from the website of the Genome Sequence
Archive (Wang et al., 2019), and TDF files were generated as described above to visualize sequence reads by IGV.
Agrobacterium-Mediated Transient Assay in N. benthamiana Leaves
Binary plant transformation vectors pGWB635, pGWB605, and pGWB611 were kindly provided by Dr. Tsuyoshi Nakagawa (Naka-
mura et al., 2010). The LOX3 promoter in pDONR221 was cloned into pGWB635 by LR clonase reaction (Gateway LR Clonase
Enzyme mix, Invitrogen). The MYC2-GFP, GFP, MED25-GFP, NPR1-FLAG, npr1H334Y-FLAG, and JAZ1-FLAG in pGWB605 and
pGWB611 amplified by gene specific primers (Table S3) were cloned into the mannopine synthase (mas) promoter-driven
pPZP200 using the SwaI restriction enzyme. These constructs were transformed into A. tumefaciens strain GV3101 as described
above (Matsushita, 2011). After infiltration of transformed Agrobacterium, N. benthamiana was placed under a 16 h light and 8 h
dark cycle at 25C for 48 h. The infiltrated leaves were harvested and stored at 80C until use. The activities of the luciferase
were measured using the Dual-Luciferase Reporter Assay System (Promega). Frozen samples were ground to a fine powder by
Geno/Grinder 2000 (SPEX, NJ, USA) andmixedwith 500 mL of Passive Lysis Buffer per 10mg of sample weight. After centrifugation
at 12,000 rpmat 4C for 10min, 10 mL of supernatant wasmixedwith 90 mL of Passive Lysis Buffer. 10 mL of diluted sample wasmixed
with 50 mL of the Luciferase Assay Reagent ll in 96-well plates and detected by a Spark 10MMultimode Microplate Reader (TECAN).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyseswere performed using the one-way or two-way analysis of variance (ANOVA). Statistical details are reported in the
figure legends. Data are shown as mean ± SD or ± SEM n represents the sample number.e6 Cell Reports 37, 110125, December 14, 2021
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Figure S1. NPR1 is distributed to the promoter regions of JA-responsive genes. Related to Figure 1. 
(A) Two-week-old seedlings were treated with MeJA (50 µM) or both MeJA and SA (0.5 mM) and analyzed by RNA-
seq. Venn diagram represents 289 JA-responsive genes differentially downregulated in a SA/NPR1-dependent manner. 
(B) The 289 NPR1-suppressed genes are shown in descending order of expression levels. Color scale represents log2 
fold-change values of differentially expressed genes compared to mock-treated wild type (FDR < 0.01). 
(C) The overrepresented octamer sequences in the 289 NPR1-suppressed gene promoters were aligned and subjected 
to Weblogo (http://weblogo.berkeley.edu/logo.cgi). The Y-axis indicates the relative frequency and sequence 
conservation. Athena analysis was performed to identify the enriched cis-regulatory elements on the 289 JA-
responsive genes, which were downregulated in a SA/NPR1-dependent manner. 
(D) The overrepresented octamer sequences in the 207 non-antagonized JA-responsive gene promoters were aligned 
and subjected to Weblogo (http://weblogo.berkeley.edu/logo.cgi). The Y-axis indicates the relative frequency and 
sequence conservation. 
(E) Enriched GO terms derived from 289 and 207 genes by the PANTHER classification system (Table S1; P < 0.01).  
(F) Two-week-old 35S:NPR1-GFP seedlings were treated with water, 0.5 mM SA, 50 μM MeJA, or both 0.5 mM SA 
and 50 μM MeJA for 6 hr. Leaf tissue was examined using fluorescence microscopy. Scale bars, 50 µm. 
(G) Correlation matrix of the read coverages between three biological replicates. 
(H) Position of the peaks relative to the annotated nearest TSS. upstream, peak resides upstream of the feature; 
overlapStart, peak overlaps with the start of the feature; overlapEnd, peak overlaps with the end of the feature; inside, 
peak resides inside the feature; includeFeature, peak includes the feature entirely; downstream, peak resides 
downstream of the feature. 
(I) NPR1-binding motifs were identified de novo using MEME-ChIP with corresponding E value in 2,554 genes. The 





Figure S2. NPR1 directly associates with MYC2. Related to Figure 2. 
(A) In vitro-synthesized recombinant proteins (1 μl) were subjected to Western blotting with an anti-FLAG antibody 
or biotin-HRP. White dots indicate target proteins. 
(B) In vitro pull-down assays of NPR1-HA with MYC2-FLAG. Proteins were incubated at 16°C for 3 hr, followed by 
pull-down with an anti-FLAG antibody and immunoblotting analysis with anti-FLAG and anti-HA antibodies. 
(C) BiFC analysis 12 hr after transfection of protoplast cells with NPR1-cYFP, nYFP-JAZ1, nYFP-MYC2, or cYFP-
MYC2. Transfection with nYFP and cYFP served as negative controls. Bright field (DIC), YFP images, and merged 
pictures (Merge) are shown. Scale bars, 25 µm.  
(D) Two-week-old pMYC2:MYC2-FLAG/jin1-8 seedlings were pretreated with water (Mock) or 0.5 mM SA for 12 
hr, followed by treatment with water, 0.5 mM SA, 50 μM MeJA, or both 0.5 mM SA and 50 μM MeJA for 4 hr. 
Expression of PR1, WRKY38, VSP2, and LOX2 was determined by qPCR and normalized with UBQ5. Error bars 






Figure S3. Known JA-responsive genes were identified as target genes of NPR1 and MYC2/MED25. Related to 
Figure 3. 
(A) Co-occupancy of NPR1 and MYC2/MED25 on the JA-responsive JAM2, JAZ5, LOX3, PKT3, JAZ3, and LOX2 
promoters obtained from 1,137 NPR1/MYC2/MED25-targeted genes as shown in Figure 3E. Blue and red lines 
indicate the TGACG and CACGTG (G-box) motifs, respectively. 
(B) Two-week-old seedlings of 35S:NPR1-GFP in npr1-1 and npr1-1 jin1-2 backgrounds were treated with water 
(Mock) or 50 μM MeJA for 6 hr. Expression of VSP2, LOX2, LOX3, and JAZ9 was determined by qPCR and 
normalized with UBQ5. Error bars represent SD (n = 3). Asterisks indicate significant difference (two-way ANOVA; 
*P < 0.001).  
(C and D) ChIP-qPCR analyses of NPR1-GFP binding to the G-box from SA-responsive pPR1 and pLOX2. Two-
week-old seedlings of 35S:NPR1-GFP in npr1-1 and npr1-1 jin1-2 plants were treated with water (Mock), 0.5 mM 
SA, 50 μM MeJA, or both 0.5 mM SA and 50 μM MeJA for 6 hr. Error bars represent SD (n = 3). Letters indicate 
statistically significant differences (two-way ANOVA, P < 0.05). 
(E) ChIP-qPCR analyses of NPR1-GFP binding to the JA-responsive pJAV1 and pWRKY75. Two-week-old seedlings 
of 35S:NPR1-GFP in npr1-1 and npr1-1 jin1-2 plants were treated as described in (C). Error bars represent SD (n = 






















Figure S5. Effectors used for the reporter assay. Related to Figure 5. 
(A) Total protein was extracted from Agrobacterium-infected N. benthamiana leaves (Figure 5B) and subjected to 
SDS-PAGE and Western blotting using anti-FLAG and anti-GFP antibodies. Ponceau S staining served as a loading 
control. 
(B) Schematic representation of protein structural domains. BTB/POZ, Broad Complex, Tramtrack, Bric-à-brac/Pox 






Figure S6. Expression analysis of defense-related genes in myc234 npr1-3 plants. Related to Figure 6. 
Expression of defense-related genes as shown in Figure 6B. Leaves were inoculated with 10 mM MgCl2 or Psm 
ES4326 (OD600 = 0.001) for 24 hr then analyzed for the expression of the SA biosynthetic enzyme ICS1, the SA-
responsive PR1 and WRKY62, PTI-responsive CBP60g, FRK1, NHL10, SARD1, and WRKY33 by qPCR and 
normalized with UBQ5. Error bars represent SD (n = 3). 
  
Table S3. Primers used in this study. Related to STAR methods. 
Primer name Sequence (5' to 3') Source 
Primers for Genotyping 
jin1-8_SALK_061267-F CTCGAGCTGGTTCTTGATTTG 





(Kleinboelting et al., 2012) myc4_GK491E10-F GCATTTCCCGCTTCTTTATTC 
o8474 ATAATAACGCTGCGGACATCTACATTTT 









































































Primers for RT-qPCR 
UBQ5-F GACGCTTCATCTCGTCC 







































Primers for ChIP-qPCR 
TUB-F ATCCGTGAAGAGTACCCAGAT 




PR1-as-1-For (JMS178) CGGTCACCTAGAGTTTTTCAA 
(Saleh et al., 2015) 
PR1-as-1-Rev (JMS179) CCGCCACATCTATGACGTAAG 
JAZ6-F TGCATGAAATAAGGTTGGTACCG 

















Primers for transient transactivation assays 
pMAS:MYC2-GFP-F ATAAGAGCTCTATTTATGACTGATTACCGGCTAC 
This study 
pMAS:NPR1-FLAG-F ATAAGAGCTCTATTTATGGACACCACCATTGATG 
pMAS:NPR1-FLAG-R TCTAGCCATGGATTTTCACTTGTCATCGTCATCCTTG 
pMAS:JAZ1-FLAG-F ATAAGAGCTCTATTTATGTCGAGTTCTATGGAATG 
pMAS:MED25-GFP-F ATAAGAGCTCTATTTATGTCGTCGGAGGTGAAACA 
pMAS:GFP-F ATAAGAGCTCTATTTATGGTGAGCAAGGGCGAG 
pMAS:GFP-R TCTAGCCATGGATTTTTACTTGTACAGCTCGTC 
pLOX3:fLUC-F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTCTGTCATAA
ATTTTAAATTTAGATG 
pLOX3:fLUC-R 
GGGGACCACTTTGTACAAGAAAGCTGGGTACACGATAA
TCTAATAAATTACAA 
 
